B

[

P N

gcT 1

e vty

N88-70780 -

THEORY OF DIFFUSION

(NASA-TH=-89756)

(HYDRODYNAMICS OF

MOVING FLUIDS

LARGE PRANDTL NUMBER)

PROCESSES IN

7p

{NAS )

1952

Unclas

ota0231

00/34

ALEMN-(0:

A

ol

Treory of Diffusion Processens in Moving Flulds
{ﬁyuraaynwwiss of Loree Prandédtl %umbeyf oo

VY, I, Levien

Tron Toxlad Aele S USIR Yol, LXXVIII, Ne., ©, 1951
$ 3 2 P

L)

Transl-ted by ¥, 5.‘?riedmmn

As 1e xnown, 3iffuslon proceéﬂes in movlﬁe fiuﬁﬁs‘{csnw
vective GLlffusion) rre gubstentially alfferent 'n chﬂr?étwr
frai the process of econvective heet coniuCVMMn, This Eiffe?~ 
enece 10 connected to the ﬁifferance in the valu es of “he cé@ﬁm
Tlclen® of diffuricn anc tempersture conduction 5n fluide
N-mely, tne dAffusinn soefilclronse ofsﬁﬁssclvod wa?nvsio
W lone {in weter) sre usually 2f“ic“ eq, cm/sec.: e LeTDe

errture condurtlion coefficl Pnt cf wnter “mv ToOom temnwvw,u??

ecunle ka1, k.107 -3 om‘/ ec, , i e.,_nnr“c"%mq*n?v 100 timee

bt

.errer than the diffuelon coefficlients of ordinory motericle..
The tronsport of arbitrory saa‘uﬂnceﬁ (hert or mrterind)
or moving fluid ie usually charactericed by the velue of tne

nordimensional transnort ccefficlent (Nusq
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where  laipae 10 the diffusion of the flow of mn*’er trrourh
4

1 em®™ in 1 secs, | 1Le the cheracheristic &imension and

Oz ie the differvenee in conecentratlon nesr the bhody surface
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‘ng in the depth of flulda,
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nunber, Re , which chgracteriZes_phe.domeinfof f}ﬁid mctidn; :
end the Prandtl number, Pr , which characterizes the trana=
port of matter in a'moviﬁg fluid. fhe 1mtter'représenta‘the
ratio of the kinemﬂtlc visdosity, ¥, of the fluid to the
diffusion coefficient D .(Prb = %/p) or the heat conducdtion
(Pr, = %/k). | |

Hence

Nu = f(Re Pr)

The. difference in the numerical values of the diffusion
coefficient and the temperatu?e con&uctionjleads to the Prﬂndﬁl
criterion havingvcompietély‘dirfereﬁﬁ fblués in tne'caéq_0£
diffusion (PrD';Bloa) andtemparatpré conduction‘(Prkﬁvlle).‘
This 1s the differenceliﬁ thé tfanspartfnﬁacesSee in fluids
and gases, In the latter, both Pranétl oriteris—ror diffusion
#!nd for temperatwre bnndnetion- have values of the order or
unity, From the abo?e, there-resulta thet the process of con-
vective diffusion in tluids may be chnrectewired as the process
of high Prandtl number Pr >1 . , ‘ o

The questions of'conveptiveiﬁ@ffusion haﬁé substontial v-lue
in many physico-chemical éﬁd eﬁqineering proceeses. Thﬁa‘,fhe .
convective diffuslon of 1ons in electrolytic solutions determines
the value of the currpnt &anaity which may flow through the
electrolyte to the electrode [l] The speed of heteroveneous
chemlceal processes occurring &t the éividing surface of a
fluld-solid body, f]uid—ups, fluid~fluiﬁ (for example adeorbtio

procesr, chemical conversions on surfacea 1n.theﬁpreeence of a

cat-lyzer, etec.) -is determined in moet caces bf the rapldity

* Numbers 1n brackets refer to references,
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of materisl transport (ar of one cf the mnzeriala riaurinz &n'4>/
. the renctlon proceas) to the placa of tha re@ctian, i«e., ﬁhe"x
rrocess of convective diffusion, Finally, the gpeed gf SOlum
bility of the ma jority of'solid'bod*es'nnﬁ mnﬁy épses 1n‘f1uidg
is determlined by the aneed of the renOVpl of the dissolved
me terinl from the separaticn baundary on which the eolubil*ty
process is teking plece.

In a group of works {}-ﬁ] we evolved s quantitetive theory
of the process of convective diffusion in flulds related tq the
. sbove~mentioned- nhysicao—chemicpl auesfione. |

In the nresent note, we want to empn*si7e greatly and to
tirn attention to the applicsbility of the annlogy between
diffusion and heat gbnductidn, so widely us ed 1nfgéeeq, to
the case of fluids, -

It is shown in the theory of heat transfer_iﬁ a moving
fluid thet the heat trensfer pr00ées‘for 3e§?1 is limited
by the distribution of hent thrqugh a'thih_boundériAlajef

. which 18 genernted in flulds neer the surfaée\éf thz t‘low'~

arcund solid bodies. In thls layer, called usually the“ghermpl
leyer, occurs the fundamental tpmnerpture Jump AR .
In all calculntions of the theory of heat tranefer, there

is used the fnct thot for this process the Prandtl number may

be considered ~1 , This permits identifying the thermal
layer with the hydrodyﬁqmic bouﬁdary lnyer;

Otherwise, 1n‘thé 1irit case Pr 1, In this case,
. there is n~lso gener=te€4 ne-r ﬁhe éepqration surface a diffuaion

boundrry lsyer in which the baslc verintlon in concentrﬂtion»vAn
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occurs., PFowever 1t8 thicknegs 18 found to b& aonzidurabiy 1eaav
than the thickness of the by&rodynamie hounﬁary 1ayerg '
As ie known, the vwlue of tne thlcknesa Qf»ﬁﬁ bounﬁary
leyer 1s determined to an order of maqniﬁude by the condit 1on
of eauivslence at the molecular and convective rlow of a aubu
stance, In the case or the hydrodynamzc boundary kayer, th&
trensport of a substence is ‘the momentug. Gonsecuently, the
thickness, § ,,af the hyﬂrodynamic bounaary layer 18 determiﬁe&
by the condition .
(1)

which reduces fo the well~kndwn eipression ;ﬁ (»f -f |
| a~/’3~r I <O
_ - vx S S :
where .vx is the'chmraéteriaflc.veloéity of the flow éhd' 1
is the charascteristic dimensidh.’ | |

The condition of eouivalent molecular end convective flow

of matter may be written anslogously for the diffusion boundary

. layer

D ?? ~ vyAc B | (3)
However, inasmuch a.é DN o= , equn’t‘;ion (3) 18
velid at distances 5! ifrém the wall which nre much less than

5 , tee., within the hydrodjnamic bound ery layer; Here
Vg -~ w2/53. « Consequently
5, ..D.._.N 33
vy WAl

s',v(.g)"!sN 18
v .10




Therefore, thlehicknean,KS?f,'df;tﬁé«ﬁiffﬁéidnfboundﬂry A
lnyer comprises only about 0. l the thlaxnﬁﬁs of the ry&rau
dynamic boundary layer &% . The la%ter fant &istinvuishea
in o redicel manner, the d*rrueion bound&ry 1&yer rrom the
thermel which has a thickness almoat axaatly gqual to R |

The preceding reasoning 13 related to the case of the.
lsminer regime of fluld flow. It the flow én thé hyﬁrodvnamic
boundnry layer or in n aipe, in tha case cf the 1n%@rna1 nrobu
lem, becomes turbulent, then addltional considerations are
necesaasry, . | :

In the csse of turbuleht flow there 18 the well-known
Reyno’de esnalogcy eés tpblﬁshing tne similarity betwe‘n the phe -~
nomens. of momen*tum tranqport and heat ([5] pa?e 329. and (? f]).‘
The techmigue often used of dividiny the.turbulent flow into
~ turbulent region and a laménar sublayer in which the turbul-
ence venishes completely, rnises the objedtlogggin;,in the
moln,there 18 no besis Whate§er forﬂthe sudden2Vanishing_of
turbulent pulsation end from the poiﬁt of iziew of experiment. 1
detr concernlng the exiatence of turbulent pulsatione ar |
pressure on the surfsce of ) solid body h? the study of velow
eity profiles and det> On hert tranafer. This feet prompued
many suthors to exnress‘doubts'apropés the existénoe of ture
bulence up to the wall itgelf [B, 9] waever no mitter whst
the 1-w of decreasing turbulence elose to tre Wall it is
alwaye possible to introduce a subloyer of fluld in which the
nomen tum trnnpport.by 8 moleoularv(viscous) mechenism exceeds

its trensport by turbulent pulﬁntlohs. N-mely, thle sublayer




of thickness 8§, 1$ celled the v&aeaae %%w;’*

from the charccter of ita determination thp% ﬁhera e!is% in

. It e ; dinar

the viscous sublayer, al*houzh weakene& ﬁurbulenk pulsatians.'
The law of decrease of turbulenee with d* snzzm&e, y > famm a
wall is, in the viscous layers 7Kﬂvcon§%}Y2/5 ﬁhzra A

1s the secale of turbulent pulsationa [1 10] E

These turbulent nulsations transyurting a awall eme

of the general momentum rlaw are f‘ound to ‘be at:lll suffice
iently powerful to transport the»principal share of the matter
inasmuch a8 D&V .Tharefdré, the whﬁ%aﬁﬁarbﬁiééf-flﬁw is

Region Besic Mechanism of =~ . Basle Mechanism of

Momentum Treneport Materlal Transport

y{ 8! Viscosity R - ’Eéleculai¥diffuéion 
5' <y (8, Viscos 1ty | 0 Turﬁulenf: ‘pulsetion
Ro vy o Turbulent pu;aation ~~ Turbulent pﬁlsation

The case of convective materinl trshsport at'the separe-
tion boundary of fluld-fluid also requires special considéra#
tion. The tengential component of the stress tensor remnins
continuous on this‘boundary, but the veloclty does not go té
zero, Thanks to this, the siﬁilaﬁity between momentum_transm'
port ~nd material transport is comnletely upset. | a

We calculated the Nusselt: number Nu (for Prj?l ) in a
series of cases (see Trble 1 ).

The celculation of Nu 'fdr sirotafinz disc was ?erifia& |
experimentslly by B, N, Kabenov & U. G. Siver [11]. Accord; -

with the teats is found to be excallent. The formules for
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Nu 1in the case of turbulent flow

found to be .'m accard with taats.

Reynolds Number

1
ul ai}
v -

2
WR o
”;"?’?1
Grypl

References
l., Vv, G.Levich

2, V.u.Levich,
3¢ V,.G.Levich,

b, v.q. Levich,

/Turbulent

- Table 1

Plow regime

éréund‘a flazuplateﬂiaiaaso'

Geometrio Traaggort

condltion - ﬁﬁ&?fiaienﬁ
Surface of . 2, Oh ?r Re%

Viséous.flow{
Leminsr
boundary lnyer
Seme

Same

-y

flow .

Seme -

721"

'S ;19“8

‘spherlesl drop

Stream flow over &.67 Pr" Reé'
plete of length L

Rotating dise O.Gl?Pr.bRe‘}

Natur9}. convec- 0,73 ?r*&r

. tion

Smooth surface

“of dre ining filﬁ 0.63 Pr}%éﬁ
" -Surfczce of Dlnte ‘_ Pr*‘ ﬂe

: n ne
(1°€8Pitnmic
v B 'acvuhacy),
" Surfroe of drninn"' ,&"h
ing rlwld film - PriRe

Zthﬂzh. 18&535 (19&4) Journ. Phys. Qheu.
"h,?.xh. ""{?8 5 .

Zha?o Kh» "?2*? 1
7ZhF . Kh, «22

1948
12

5. S.Goldstein y 88y %edern 5evelobmenta in Hydrodynamies, 2

(19M8)
6. O.Reynolds,
1, (1900)

Papera on Meshanical rnd Phyqical Subjeota

7. Tevon Kermen, Proo, Lth Inter. Cong. Appl. Vech. (1924)
8« P.L.Kapitza, 'p 55 59& (I?ﬂz) Doklerdy Aked, Kauk (Notes)

9. D.A.FPrank-Kamene: ?k
Chertcal Kinetics

10, L.D.Lendru & E.M.f1e

11, B.N.Ksbanov & 0,05,

Dirxus
¥oacow {(1947) Book
fahitz! Continuum Mechonics (19&U) Book
Siver ZhF.Xh.92?, =2 (1948)

on and Hest trrnefer in



